Taken together, these results strongly suggest that PI3K activation is both necessary and sufficient for the glymEPSCs after glycine application was 1.23 Ϯ 0.05 (n ϭ 6) and 0.96 Ϯ 0.03 (n ϭ 6) -fold of the controls in the cine-dependent LTP of mEPSCs by synaptic NMDARs. We previously demonstrated that glycine-induced absence and the presence of wortmannin, respectively ( Figures 1A-1E) . Moreover, a similar blockade was ob-LTP is largely mediated by a rapid increase in the number of postsynaptic AMPARs as a result of facilitated tained when LY294002 (10 M), another, more specific, inhibitor of PI3K (Kuruvilla et al., 2000) , was employed AMPAR insertion ). The necessity and sufficiency of PI3K in glycine-induced LTP is consistent ( Figure 1E ). In dramatic contrast, as shown in Figure 2 , we found that PI3K inhibition had little effect on the with a requirement for its activity in the glycine-induced increase in plasma membrane insertion of AMPARs. We NMDA-induced LTD of mEPSCs: the amplitudes of mEPSCs after NMDA application were 0.78 Ϯ 0.08 (n ϭ next investigated this possibility by measuring the cell surface expression of AMPARs using a quantitative cell 5) and 0.80 Ϯ 0.03 (n ϭ 4), respectively. Thus, PI3K is specifically required for glycine-induced LTP but not surface ELISA assay Man et al., 2000b) . We found that application of glycine produced an in-NMDA-induced LTD.
We next determined whether exogenous PI3K applicrease in the cell surface expression of AMPARs, and this increase was prevented by pretreatment with cation was sufficient to produce a lasting potentiation of mEPSCs (Figure 3 ) by using an active or a heat-LY294002 and significantly inhibited by pretreatment with wortmannin ( Figure 4A ). Since cell surface expresinactivated recombinant PI3K complex of p85␣/p110␣ ( Figure 3C ) applied intracellularly through the recording sion can be modified by either insertion or endocytosis, we examined both of these aspects of AMPAR traffickpipette. As shown in Figures 3A, 3B, and 3D , within a few minutes of the start of whole-cell recording, intracellular ing, in the presence and absence of PI3K inhibitors, in control and glycine-treated hippocampal cultures. Speperfusion of active but not heat-inactivated PI3K resulted in an increase in both the amplitude and frecific detection of newly inserted AMPARs was performed using our recently developed AMPAR insertion quency of mEPSCs. The potentiation of mEPSCs typically peaked within 10 min, and was maintained assay (Lu et al., 2001 ). In this assay, preexisting cell surface AMPARs were first blocked by incubation of thereafter for the entire recording period. The normal- PI3K has been shown to exert diverse biological action is that the level of endogenous tyrosine phosphorylation of NMDARs under our experimental conditions tions even within the same cell; however, stimulusdependent specificity of its actions is possible, and in was too low to support such a tyrosine phosphorylationdependent complex formation. To further determine most cases, this specificity is critically dependent upon its compartmentalization with downstream effectors whether the PI3K complexed with AMPARs was functional, we coimmunoprecipitated PI3K using an anti-(Heller-Harrison et al., 1996; Yang et al., 1996). We therefore reasoned that the subcellular localization of PI3K GluR2 antibody, and measured the ability of the AMPARassociated PI3K to form PtdIns 3-P from PtdIns and activation within the activated synapse might account for the specific involvement of this lipid kinase in the 32 P-␥-ATP ( Figure 5C ). This immunocomplex/lipid kinase assay revealed that GluR2 antibodies were able to pre-LTP but not the LTD of mEPSCs. To test our hypothesis, we first determined whether PI3K was present in the cipitate PI3K activity, whereas control IgG was not. Preincubation with wortmannin completely blocked the glutamatergic synapses of cultured hippocampal neurons using immunofluorescent confocal microscopy.
AMPAR-associated PI3K activity. These results not only confirm that PI3K is associated with AMPARs in hippo-PI3K was first labeled in cultured neurons with an antibody against the p85 subunit, and the same neurons campal neurons in situ, but also demonstrate that the receptor-kinase complex is functionally active. were subsequently stained for postsynaptic AMPAR GluR2 subunits in order to identify glutamatergic synThe receptor-kinase complex could form directly, by interaction between the AMPAR and PI3K, or indirectly, apses. As a final step, all synapses on the hippocampal neurons were detected via staining for synapse-specific with the aid of a bridging protein(s). To determine whether or not the PI3K-AMPAR association is mediated synaptophysin. As shown in Figure 5A , PI3K was localized throughout the neurons, including in dendrites. Noby a direct interaction, we performed an in vitro recombinant protein binding assay. Native AMPARs are likely tably, within the dendrites PI3K was not uniformly distributed but was found in numerous small clusters and heterooligomeric complexes assembled from GluR1-4 subunits, and the most common subunit combinations in what appeared to be spines (panel inset in Figure  5AaЈ ). The majority of these dendritic PI3K punctae were of native AMPARs in hippocampal CA1 neurons are Sequential immunoblotting for GluR2 and GluR1 shows that both subunits are present in p85 immunoprecipitated complexes and that boiling the samples for 5 min (to denature protein complexes) prior to the immunoprecipitation eliminated the ability of the anti-p85 antibody to coimmunoprecipitate either GluR2 or GluR1. (C) PI3K in the AMPAR complex is functional. PI3K assays were performed on protein complexes immunoprecipitated with anti-GluR2 antibody under nondenaturing conditions. Anti-GluR2 antibody but not the control IgG was able to immunoprecipitate lipid kinase activity (see arrowhead for kinase reaction product), which was completely abolished by the addition of the PI3K inhibitor wortmannin in the kinase assay buffer (Wort; 100 nM; 10 min). ). We therefore incubated purified recombiamong all GluR subunits, we suspected that it was this conserved region that was involved in the interaction nant p85␣/p110␣ PI3K with GST fusion proteins containing the CT of GluR1 (GST-GluR1 CT ) or GluR2 (GSTbetween PI3K and GluRs. We therefore created two additional GST-GluR2 CT fusion proteins, GST-GluR2 833-853 GluR2 CT ) subunits and assayed whether these fusion proteins could specifically affinity precipitate the PI3K and GST-GluR2 854-883 ( Figure 6A ). The former includes the membrane proximal conserved region, the latter complex as measured by PI3K activity in the precipitates. As shown in Figure 6 , both GST-GluR1 CT and GSTdoes not. Consistent with our predictions, GST-GluR2 833-853 but not GST-GluR2 854-883 was able to interact with p85 GluR2 CT but not GST alone were able to precipitate active PI3K, supporting the interpretation of direct binding ( Figure 6D ). To further determine whether the identified direct binding is the primary mechanism responsible for between the PI3K complex and these GluR CTs. The p85␣ regulatory subunit of PI3K contains multiple procomplex formation between native AMPAR and PI3K detected by coimmunoprecipitation shown in Figure 5 , tein-protein interaction motifs (Vanhaesebroeck et al., 1997). Therefore, we hypothesized that this subunit diwe performed immunoprecipitation of hippocampal lysate with anti-GluR2 antibody in the presence of GST rectly binds to regions of the GluR CT. Consistent with this hypothesis, we found that both GST-GluR1 CT and alone, GST-GluR2 833-853 , or GST-GluR2 854-883 . As shown in the blots in Figure 6E , the GST-GluR2 833-853 but neither GST-GluR2 CT could specifically precipitate in vitro-trans- the PI3K activation may also be involved in mediating of synaptic NMDARs. As a result, the AMPAR-associated PI3K complex is in a strategic location to "sense" subunit-specific AMPAR insertion during LTP.
One well-characterized feature of LTP is the input the localized rises in Ca 2ϩ concentrations resulting from the gating of NMDAR channels, and it provides a synor synapse specificity, i.e., synaptic plasticity is only exhibited in activated synapses. Transient rises in intraapse-selective detector for the production of LTP. The second unique feature of PI3K, with regard to its candicellular Ca 2ϩ within the activated synaptic spine region as a consequence of Ca 2ϩ influx through the activated dacy as a mediator of LTP input specificity, comes from its lipid products. Unlike most diffusible cytosolic secNMDARs have been suspected to be one of the major mechanisms mediating this synaptic specificity (Bliss ond messengers, once produced, PtdIns-3Ps remain in the membrane, thereby ensuring that the activated and Collingridge, 1993; Malenka and Nicoll, 1999). However, the signaling molecules activated directly by these signaling cascades that lead to LTP are restricted to activated synapses. 
